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Propylene glycol is discharged to the surface and underground waters and vicinity
soils via industrial wastewater effluents, posing many health and environmental risks.
The main goal of this study was to remove propylene glycol from synthetic wastewater
in a fixed bed activated sludge reactor. To observe the effects of organic loading on
bioreactor performance, the organic loading was increased by two sequencing stages:
first by hydraulic retention time (HRT) depletion and second via propylene glycol
concentration increase. Propylene glycol removal efficiency in HRTs of 8, 6, 4 and
2 h was 95.86, 95.12, 93.96 and 79.08 % respectively. A constant HRT of 6 h was
selected for the second stage; propylene glycol concentrations of 500, 1000, 1500, 2000
and 2500 mg L–1 were used. The removal efficiency for these concentrations was
95.12, 95.95, 88.54, 75.95 and 35.69 % respectively. Thus, the integrated fixed bed acti-
vated sludge reactor is an efficient, viable and promising technology for treating
wastewaters containing propylene glycol.
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Introduction
Propylene glycol is a chemical substance
widely used as anti-freeze agent and also in the
manufacture of polymers, paint, varnishes and other
products as well as pharmacological industries, cos-
metics, chemical and food processing industries.1,2,3
Exposure to propylene glycol may lead to dermal
effects such as erythema, dermal irritation, dermal
edema and systemic effects such as blood distur-
bance, kidney effects and body mass variation out-
side the standard range.4 LD50 values for propylene
glycol is >20 g kg–1 body mass for rats.5
Following its release into the environment,
propylene glycol ultimately reaches underground
waters and contaminates them. Also, in surface wa-
ters, it can consume available dissolved oxygen
(DO) of aqueous plants and animals and create un-
desired conditions in natural ecosystems. A consid-
erable amount of propylene glycol is released to
earth and contaminates soils near the discharge
point.6,7 The capacity to use propylene glycol as a
carbon and energy source is widespread among aer-
obic and anaerobic microorganisms.8 Under oxic
conditions, several pure and mixed cultures of dif-
ferent bacterial groups have been proven capable of
degrading propylene glycol. Studies on metabolic
pathways showed that propylene glycol degradation
proceeds via lactaldehyde and pyruvate. Pyruvate is
further metabolized to acetyl-CoA, which is oxi-
dized to CO2 by the tricarboxylic acid cycle. This
information suggests that microbial degradation of
propylene glycol under oxic conditions occurs
without the accumulation of toxic and/or persistent
organic intermediates.9,10
Different studies on propylene glycol removal
via aerobic biological processes have been con-
ducted. Biodegradation of propylene glycol as a
sole carbon source in an aerobic biological process
was studied by Joanna et al. (2003).11 The results
showed that propylene glycol as the source of car-
bon was biodegraded to ketenes and aldehydes.11
Propylene glycol biological oxidation is studied in
a continuous flow activated sludge process in aero-
bic conditions. It was revealed that propylene gly-
col was inherently biodegradable.5 Aerobic or an-
aerobic processes are used for organic matter and
propylene glycol removal individually. For exam-
ple, Eiroa et al. (2005)12 studied the ability of
an activated sludge unit for organic loading of
0.01–1.40 g COD L d–1. Organic matter removal ef-
ficiency was 99.5 %.12 In another study, Amor et al.
(2005)13 investigated the aerobic biodegradation of
organic loading rate of 30 to 2700 mg COD L d–1 in
a suspended growth process.13
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Many attempts have been made to modify the
conventional activated sludge process. For instance,
the placing of integrated fixed or fluidized bed in
aeration tanks, in order to enhance process effi-
ciency is widely experienced in different investiga-
tions.14,15 Some of the advantages of hybrid systems
include: high concentration of biomass, potential of
using low cost beds, treating greater flows or more
efficiency in the same flow compared to the sus-
pended growth processes, effective treatment of
low concentration wastewaters, ability to treat or-
ganic compound with low degradation rate, resis-
tance to the hydraulic and organic shocks, lower en-
ergy and space requirements, microorganisms
growth with low yield and secondary effluent with
better quality.16,17 Considering the results of previ-
ous studies regarding propylene glycol biodegrada-
tion and the different methods of organic pollutants
removal, the fixed bed activated sludge hybrid reac-
tor for propylene glycol removal was examined in
this experiment. The main objective of this study is
to determine the effects of organic loading varia-
tions on propylene glycol removal in a fixed bed
activated sludge hybrid bioreactor.
Material and methods
Fixed bed activated sludge lab scale reactor
A cubic Plexiglas reactor with total volume of
16 L (12 L for aeration tank and 4 L for settling
tank) was used in this study with effective volume
of 9 L (liquid volume  volume of pickings) for bi-
ological reactions. The settling tank, with total vol-
ume of 4 L, was separated from the aeration tank by
a vertical wall. At the lower end of the separator
wall, a distance of 0.5 cm was provided for continu-
ous recycling of sludge from the settling tank to
the aeration tank via vacuum force of aeration.
Twenty-two percent of the aeration tank was filled
with a packing having specific surface area of
650 m2 m–3, placed in two boxes that had a distance
of 4 cm from the side walls. The characteristics of
carriers are shown in Table 1. The reactor was aer-
ated with an aerator pump with an injection capac-
ity of 14 Lair min
–1. Required air was adjusted pro-
portionally to influent organic loading in the range
of 2.5 – 12.5 Lair min
–1. The aeration tank was
mixed with diffused air. Synthetic influent
wastewater was fed by a dosing pump with capacity
of 20 L h–1. The pilot was operated at room temper-
ature (20–25 oC). A schematic diagram of the lab
scale hybrid reactor is shown in Fig. 1.
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F i g . 1 – Schematic diagram of a lab-scale fixed-bed activated sludge hybrid reactor




Area of 1 media 18 cm2
Number of media in 1 m3 361000
Specific area 650 m2 m–3
Mass of 1 m3 140 kg
Porosity 87 %
Color White
Density 1030 kg m–3
Inoculums
For use as inoculums, sludge was taken from
the return sludge line of a full-scale municipal
wastewater treatment plant in Tehran. The sludge
was thoroughly aerated for two days, and the chem-
ical oxygen demand (COD), volatile suspended sol-
ids (VSS) and pH of sludge were measured at room
temperature.
Synthetic wastewater
For startup, the reactor was fed with synthetic
wastewater prepared with glucose and propylene
glycols as carbon sources, while the mineral me-
dium included NH4Cl, KH2PO4 (as nitrogen and
phosphorus sources), Na2CO3 (for pH adjustment)
and trace elements. Synthetic wastewater composi-
tion is presented in Table 2. The amounts of syn-
thetic wastewater constituents were adjusted ac-
cording to C : N : P ratio of 100 : 5 : 1 for optimum
bacterial growth and metabolism.18,19
Reactor startup and biomass adaptation
The reactor was first operated in batch mode
for approximately 6 weeks and DO was adjusted to
3–4 mg L–1. The COD at the beginning of the ex-
periments was adjusted to 500 mg L–1, including
glucose with a COD of 450 mg L–1 and propylene
glycol with a COD of 50 mg L–1. After 24 h of aer-
ation, the aerators were switched off and the sludge
was allowed to settle. Then 1 L of the supernatant
was withdrawn and replaced with new synthetic
wastewater. The concentration of influent glucose
was reduced slowly during one month while the
concentration of propylene glycol was increased.
Acceptable COD removal improvement was the cri-
teria of glucose depletion. Variations of glucose to
propylene glycol are shown in Table 3.
Experimental procedure
After obtaining consistent results in batch mode
operation, the flow was made continuous. Organic
load was increased in two sequencing stages, first
through HRT depletion and then in the second stage,
by the increase in propylene glycol concentration in
constant HRT of 6 h. In all experiments, DO was de-
creased to less than 1 mg L–1 when the organic load
was increased. Therefore, the aeration flow rate was
increased from 2.5 to 12.5 L min–1 through experi-
ments, proportional to the organic loading.
Steady state conditions in this study were de-
fined as conditions in which the effluent character-
istics did not vary significantly during 7 to 10 days
of continuous operation. All of the experimental
data taken under steady state conditions are ex-
pressed in terms of arithmetic averages obtained
from at least three replicates.
Loading in constant propylene glycol
concentration and different HRT
The reactor in the first stage was operated at four
hydraulic retention times of 8, 6, 4 and 2 h and con-
stant influent COD of 500 mg L–1. The effluent COD,
propylene glycol concentration, VSS, DO, tempera-
ture, and pH were monitored until steady state condi-
tions were achieved. Achieving steady state condi-
tions in each run took approximately 2 to 3 weeks.
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FeSO4 · 7H2O/mg L
–1 0.138
MnCl2 · 4H2O/mg L
–1 0.032
MgSO4 · 7H2O/mg L
–1 6.66
NiSO4 · 7H2O/mg L
–1 0.055
aAmounts for total COD of 500 mg L–1
bPurity of C3H8O2 75 %
cPurity of C6H12O6 60 %




1st 8th 13th 16th 18th 20th 23rd 28th 31st 34th
C6H12O6/mg L
–1 744 662 578 496 412 330 247 165 82 0
C3H8O2/mg L
–1 112 224 336 448 560 672 784 896 1008 1120
aAmounts for total COD of 500 mg L–1
Loading in different propylene glycol
concentrations and constant HRT
In the second stage, the reactor was operated at
constant HRT of 6 h and COD concentrations of
500, 1000, 1500, 2000 and 2500 mg L–1. The pa-
rameters mentioned earlier were also monitored un-
til steady state conditions at this stage were ob-
served.
Analytical methods
COD, DO and suspended VSS were measured
according to standard methods.20 The pH value was
monitored frequently by a pH meter by Hach Com-
pany and was adjusted with sodium bicarbonate if
necessary. A Cecil HPLC containing C18 column
was used for the measurement of propylene glycol.
In this study, propylene glycol was analyzed ac-
cording to Joanna.11 The attached biomass was de-
termined by the gravimetric method. The biofilm
mass was determined using 100 media elements
that were sampled randomly from the fixed bed
bioreactor. The media elements were separated
from the wastewater and oven-dried at 103 °C until
constant mass. The dried samples were weighed in
order to determine the total mass (mtotal) composed
of media element mass (mmedia) and the attached
biomass. The biomass was then washed off, the
clean media elements were weighed, and the
amount of biofilm solids attached to the 100 media
elements was calculated using eq. (1). The amount
of biomass in the reactor could then be determined
since the total number of carrier elements in the re-
actor with filing grade of 22 % was 813.21
BS100  mtotal – mmedia (1)
Results and discussion
In the batch mode experiments, the entire in-
fluent carbon source was supplied with propylene
glycol after the 33rd day of operation. On the
41st day of operation, the effluent COD and
propylene glycol concentrations decreased to less
than 20 (Std ± 1) and 15 (Std ± 1) mg L–1 steadily.
This was an indication of microbial action/degrada-
tion for propylene glycol (Fig. 2). The amounts of
suspended VSS concentration and sludge volume
index (SVI) in steady state conditions for batch
mode operation were 2136 mg L–1 and 96 mL g–1
respectively. After 31 days, steady state conditions
appeared.
Loading effects due to HRT variations
According to HRT variations from 8 to 2 h,
organic loading was increased from 1.125 to
4.5 kg COD m–3 d–1. The amounts of COD and pro-
pylene glycol removal efficiency in HRTs of 8, 6, 4
and 2 h are shown in Fig. 3. Steady state conditions
appeared after 12 –16 days in these runs. The average
COD removal in HRTs of 8, 6, 4 and 2 h was 95.86 %
(Std ± 0.57), 95.12 % (Std ± 0.52), 93.96 % (Std ± 1.13)
and 79.08 % (Std ± 1.13), respectively. The pro-
pylene glycol removal in the same operational and
steady state conditions was 98.66 % (Std ± 1.96),
98.38 % (Std ± 1.44), 96.82 % (Std ± 1.73) and
84.32 % (Std ± 1.86), respectively. Reactor effi-
ciency for COD removal until the HRT of 4 h was
more than 93 % and COD effluent concentration
was less than 35 mg L–1. These values are within
the range of wastewater discharge standards to the
receiving waters. However, in the HRT of 2 h, reac-
tor efficiency decreased suddenly and reached less
than 80 %. Therefore, the effluent concentration of
COD and propylene glycol were 104 and 78.4 mg L–1
respectively which cannot meet acceptable stan-
dards for discharge to receiving waters (COD value
of 100 mg L–1 for industrial effluents).22,23
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kg COD m3 d–1
Stage 1
1 8 1.125 500 1.5
2 6 1.5 500 2
3 4 2.25 500 3
4 2 4.5 500 6
Stage 2
5 6 1.5 500 2
6 6 1.5 1000 4
7 6 1.5 1500 6
8 6 1.5 2000 8
9 6 1.5 2500 10
F i g . 2 – COD and propylene glycol removal efficiency
variations in batch mode operation and influent
COD concentration of 500 mg L–1
Other operational parameters including sus-
pended VSS, SVI and DO for the first stage of ex-
periments are shown in Table 5. The best SVI was
observed in the 2nd run with HRT of 6 h providing
SVI of 117.2 mL g–1. DO concentrations were more
than 3 mg L–1 in all runs. As indicated, the sus-
pended VSS values decreased from 2099 mg L–1 to
1896 mg L–1 proportional to the HRT depletion.
Apparently, despite achieving steady state condi-
tions in each run, the high flow rate of wastewater
has led to the excess washout suspended VSS from
aeration tank.
At the first stage, it was observed that removal
efficiency was decreased in each stage and after a
few days steady state conditions were observed.
HRT is one of the most important operational fac-
tors of biological systems that provides sufficient
contact time between biomass and substrate and in-
hibits excess wash out of mixed liquor suspended
solids (MLSS). According to the results obtained
from the first stage of this study, it can be con-
cluded that the average of suspended VSS in the
aeration tank decreased from 2099 mg L–1 to
1896 mg L–1 proportional to HRT variations from
8 to 2 h. Because of excess washout of VSS, the
microbial action of microorganisms which consume
propylene glycol as their carbon source has been
decreased. A change in the structure of reactor in
order to retain the VSS in the aeration tank is sug-
gested for further studies. On the other hand, some
propylene glycol was discharged without having
undergone aerobic biodegradation due to the insuf-
ficient contact time with biomass as a result of short
HRT. Therefore, at a constant concentration of in-
fluent propylene glycol, HRT was defined as a key
operational parameter in the first stage of the study.
The results showed that the reactor was able to
remove more than 84 % of influent propylene gly-
col at the substrate concentration of 500 mg L–1,
even in HRT of 2 h. Such a short HRT is an eco-
nomical advantage. Compared to the conventional
systems, this integrated system is able to treat more
wastewater flow rates with the same efficiency in a
shorter time.
Loading effects due to influent
concentration variations
The maximum COD removal efficiency in the
first stage corresponded to 8 and 6 HRTs, providing
removal values of 95.86 % and 95.2 % respectively.
A statistical analysis of t-test with a P value of 0.05
was carried out, which showed that the removal
efficiency difference is not statistically significant.
Furthermore, greater organic loading was possible
in HRT of 6 h and other operational parameters
such as SVI were more acceptable, compared to the
HRT of 8 h. Average amounts of suspended VSS,
SVI and DO in steady state conditions in HRT of
6 h were equal to 2093 mg L–1, 117.2 mL g–1 and
3.6 mg L–1 respectively. Considering all the points
mentioned above, an HRT of 6 h was selected as
optimum HRT for evaluating the effects of organic
loading increase due to concentration variations.
As illustrated in Fig. 4, at this stage, the sub-
strate concentration is the key parameter because
removal efficiency decreases in proportion to the
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F i g . 3 – COD and propylene glycol removal efficiency
variations in HRTs of 8, 6, 4 and 2 h, and influent
COD concentration of 500 mg L–1
T a b l e 5 – Average of operational parameters in varying
HRT and constant influent PPG in steady state
conditions
Run VSS/mg L–1 DO/mg L–1 SVI*/mg L–1 pH
1 2099 3.2 133.8 7.2
2 2093 3.6 117.2 7.1
3 1983 4.06 160.6 7.3
4 1896 3.15 179.4 7.2
*Suspended VSS
F i g . 4 – COD and propylene glycol removal efficiency in
concentrations of 500 – 2500 mg L–1 and HRT of 6 h
increase in influent concentration. Removal effi-
ciency in the selected influent COD concentrations
of 500, 1000, 1500, 2000 and 2500 mg L–1
were 95.39 % (Std ± 1.46), 92.95 % (Std ± 1.87),
88.54 % (Std ± 1.66), 75.95 % (Std ± 1.59) and
35.69 % (Std ± 1.91) respectively. Propylene glycol
removal efficiency in the same conditions was
98.31 % (Std ± 1.22), 95.51 % (Std ± 1.68),
91.73 % (Std ± 1.75), 79.95 % (Std ± 1.37) and
40.84 % (Std ± 2.63), respectively. Table 6 presents
the average VSS, SVI, DO and pH in steady state
conditions (in constant 6-h HRT) for the second
stage of the experiment.
The best SVI value of 116.5 mL g–1 was ob-
served in the 5th run. Also, the highest and the low-
est suspended VSS of 2289 and 2115 mg L–1 were
observed in the 7th and 5th runs respectively. In the
second stage and at higher influent concentrations,
removal efficiency decreased gradually and reached
35.69 % and 40.84 % for COD and propylene gly-
col, respectively, at an influent concentration of
2500 mg L–1. This led to effluent COD of 1607 mg L–1
which was not acceptable and the bioreactor upset.
The removal efficiency of hybrid reactor was more
than 88 % and 91 % for COD and propylene glycol
respectively, with a substrate concentration of
1500 mg L–1 and HRT of 6 h (run 7). The COD and
propylene glycol effluent concentrations were 180
and 135 mg L–1. Therefore, the removal efficiency
is considerable and in terms of COD, effluent dis-
charge standards for reuse in agriculture are met.22
The operational parameters of the reactor were
investigated in order to determine the main reason
of reactor disturbance. Results showed that DO
concentration dropped to less than 1 mg L–1 imme-
diately after each increment of organic loading in
each run. Therefore, it was necessary to provide
supplement aeration. Despite the increase of aera-
tion rate, reactor efficiency did not improve in COD
concentrations beyond 1500 mg L–1. Propylene gly-
col can act as a toxic compound for microorganisms
in high concentrations. Joanna et al.11 (2003) found
that propylene glycol loses its metabolic functions
at extremely high concentrations and acts as a toxic
compound which threatens microorganism sur-
vival.11 It seems that this effect has occurred in
COD concentrations of more that 1500 mg L–1 in
this study. Therefore, when effective operational
parameters such as temperature, DO, substrate,
P and N concentrations were justified at optimum
values, the only inhibitory factor of the microorgan-
ism’s metabolism was the high concentration of in-
fluent propylene glycol. An extremely high concen-
tration of influent substrate has adverse effects on
enzymes and metabolic functions.24
The results of organic loading removal effi-
ciency for different HRTs and substrate concentra-
tions, based on COD are presented in Fig. 5. Ac-
cording to the variations of HRT and propylene gly-
col concentration, the same organic loading of
6 kg COD m–3 d–1 was applied to the reactor in the
4th and 7th runs. The important point was the higher
efficiency in concentration of 1500 mg L–1 and HRT
of 6 h (run  7, Point B in Fig. 5), compared to
the concentration of 500 mg L–1 and HRT of 2 h
(run  4, Point A in Fig. 5). While the COD and
propylene glycol concentration were three times
greater, the observed efficiency was approximately
9 % and 7 % higher respectively, which indicates
the more important effects of HRT than influent
concentration in the same organic loading rate.
Wen et al. (1998)25 studied the removal of pro-
pylene glycol by a biological fluidized bed. Under
the steady-state conditions tested, the biological
fluidized bed reactors are capable of achieving
good TOC removal (>96 %) at empty bed HRTs
as short as 1.7 h and at TOC loadings as high as
0.88 g L–1 d–1.25 Hamuda et al. (1998)26 reported us-
ing an aerobic submerged attach growth pilot scale
reactor to determine organic load removal from do-
mestic wastewater. The value of COD removal effi-
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T a b l e 6 – Average of operational parameters in constant
HRT and different influent PG in steady state
conditions
Run VSS/mg L–1 DO/mg L–1 SVI*/mg L–1 pH
5 2115 3.37 116.5 7.4
6 2269 3.26 125.1 7.2
7 2289 3.84 121.3 7.2
8 2287 3.08 157 7.3
9 2171 2.9 281 7.3
*Suspended VSS
A: OLR in run 4; B: OLR in run 7
F i g . 5 – COD removal efficiency in different organic load-
ings of 1.5 – 10 kg COD m–3 d–1
ciency at loading rate of 3 kg COD m–3 d–1 was
83 % which is less than in this study.26 Jianlong
et al. (2000)27 used a hybrid attached and sus-
pended growth bioreactor for municipal wastewater
treatment. More than 80 % of COD was removed at
loading rates up to 3.5 kg COD m–3 d–1.27 The COD
removal at organic loadings of 3 kg COD m–3 d–1
was 92 % in the presented work which is more than
in similar studies. Borghei et al. (2008)28 investi-
gated the kinetics of organic matter removal in
fixed-bed aerobic biological reactor for sugar man-
ufacturing wastewater. Different HRTs (24 to 12 h)
and organic loadings (0.75 to 4.5 kg COD m–3 d–1)
were experimented. The observed COD removal in
different conditions was 89.8 to 94.7 %, confirming
the data obtained in this study.28
Therefore, fixed bed activated sludge hybrid
reactor is a very suitable process for treatment
of high strength industrial wastewaters containing
organic matter/propylene glycol as much as
6 kg COD m–3 d–1, because the removal rates ob-
tained at these loads were near 88 % in this study.
As the operation proceeded, the time required
for achieving steady state conditions were short-
ened in sequencing runs. For example, steady state
conditions in the 6th run were observed after
15 days, but in the 7th run after day 7.
Biofilm mass
Fig. 6 shows the overall trend in biofilm mass
along with organic loading. Results show that
biofilm mass has direct positive correlation factor
of  0.83 with organic loading. The biofilm mass
on packing increased until the influent COD con-
centrations of 1500 mg L–1 (approximately day 100
of operation). This did not vary significantly in
higher organic loadings where sometimes a slight
loss in mass was observed (run 8 and 9).
The biofilm mass developed on beds is an im-
portant factor in the operation of attached growth
processes and hybrid bioreactors. The least biofilm
mass of 2.089 g m–2 was observed at a COD
concentration of 500 (1st run) while the greatest
5.352 g m–2 was observed at the COD concentration
of 1500 mg L–1 (6th run). Providing more substrate
and DO may have led to more metabolism and
growth of biofilm. Otherwise, substrate and DO
concentrations decrease in the inner layers of
biofilm as the biofilm thickness develops.19 The de-
crease in biofilm mass on packing in higher organic
loadings of 8 (8th run) and 10 (9th run) kg COD m–3 d–1,
may be attributed to the lack of sufficient DO and
substrate in inner layers and dominance of anaero-
bic conditions in the film, which leads to the grad-
ual sloughing of biofilm.
Conclusion
An integrated fixed bed aerobic bioreactor with
filling grade of 22 % was operated in two stages;
first with varying HRT and constant COD of 500
mg L–1 and second with constant HRT of 6 h and
varying COD concentrations of 500 to 2500 mg L–1
(organic loadings of 1.25 to 10 kg COD m–3 d–1).
Results show that depletion of HRT directly re-
duces the propylene glycol removal efficiency, but
more than 88 % of COD removal is obtained at a
COD concentration of 1500 mg L–1 and HRT of 6 h.
Generally, more than 90 % removal efficiency was
observed for organic loading of 4 kg COD m–3 d–1
(run  6). The results also showed that biofilm
mass was directly affected by substrate concentra-
tion with a correlation factor of 0.83. The most
biofilm mass of 5.352 g m–2 was achieved in the 7th
run with COD concentration of 1500 mg L–1 and
HRT of 6 h.
According to the results obtained from this work,
it can be concluded that the integrated fixed bed acti-
vated sludge reactor is an efficient, viable and promis-
ing technology for treating wastewaters containing
propylene glycol in full scale applications.
ACKNOWLEDGMENT
The authors would like to thank the Iran Uni-
versity of Medical Science, which provided finan-
cial support for this study which was an MS thesis.
A b b r e v i a t i o n s a n d S y m b o l s
COD  Chemical Oxygen Demand/mg L–1
DO  Dissolved Oxygen/mg L–1
HRT  Hydraulic Retention Time/h
MLSS Mixed Liquor Suspended Solids/mg L–1
SVI  Sludge Volume Index/mL g–1
VSS  Volatile Suspended Solids/mg L–1
PPG  Propylene glycol/mg L–1
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F i g . 6 – Biofilm mass in different organic loadings of
1.5 – 10 kg COD m–3 d–1
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